Aromatic hydrocarbons such as benzene, toluene, ethylbenzene and xylenes (BTEX) are environmental pollutants that cause serious problems in groundwater, in surface water and in soil. Specifically, the coastal area of Bourgas bay (Bulgarian Black Sea coast) is very vulnerable to such pollution as the large petrochemical industry situated there poses a continuing threat to the environment. The potential for degradation of BTEX by fungi was studied. Two fungal strains were used in the experiments carried out in a batch reactor. The fungi were isolated from gasoline-polluted sites and were identified as deuteromycetes belonging to the Cladophialophora (CPH) and Cladosporium (CS) genera. It was found that neither of the fungal strains was able to degrade benzene. Ethylbenzene was easily degraded in all cases; o-and m-xylene were fully degraded by Cladophialophora sp. both as single substrates and in mixtures with toluene, whereas Cladosporium sp. was able to degrade them fully in mixtures with toluene only. p-Xylene was only partially degraded in all tests; however, the experiments with Cladosporium sp. showed better results compared to those with Cladophialophora sp. in this particular case. Ethylbenzene, o-and m-xylene negatively affected toluene removal rate of both fungal strains, which suggests possible competitive substrate interactions. In general, the results obtained with Cladophialophora sp. were better than those with Cladosporium sp., except in the case of p-xylene degradation.
Introduction
The extensive occurrence of aromatic hydrocarbons through accidental spills and leakage of underground storage tanks has caused tremendous contamination of surface and groundwater environments. Low molecular weight hydrocarbons such as the monoaromatics benzene, toluene, ethylbenzene and xylenes (BTEX) have become the focus of most environmental studies because of their toxic and carcinogenic potential. Aerobic degradation catalyzed by inherent microbial populations is one of the mechanisms that could aid in the complete removal of aromatic hydrocarbons in the environment.
Although degradation of single aromatic compounds by pure strains of hydrocarbondegrading bacteria is generally well understood, bioremediation processes in the environment usually involve degradation of mixtures of compounds by various microorganisms. In spite of the numerous studies that have been carried out to investigate the biodegradation of BTEX compounds, few have focused on the antagonistic or synergistic effects of combined pollutants. The biodegradation kinetics for benzene -toluene -ethylbenzenexylene components by an enrichment culture from gasoline-contaminated soil were recently reported (Shi et al., 1999) . The rates of biodegradation of benzene and toluene were 1 to 2 orders of magnitude lower when the compounds were degraded as gasoline components than when the pure compounds were degraded (Yerushalmi and Guiot, 1998) .
The rate and extent of microbial adaptation to biodegrade hydrocarbons is influenced by several factors such as contaminant concentration, temperature, pH, availability of inorganic nutrients and electron acceptors (Alvarez and Vogel, 1991) . Bacterial biodegradation under aerobic conditions has been studied for more than 10 years. More recently, fungi capable of growing on volatile aromatic hydrocarbons as sole source of carbon and energy have been isolated from soil (Prenafeta-Boldú et al., 2001a) , and have successfully been applied in the biofiltration of air (Van Groenestijn et al., 2001) . Fungi generally withstand harsher environmental conditions than bacteria and could play an important role in the degradation of petroleum hydrocarbons in the soil (Bossert and Bartha, 1984) .
The purpose of this study is to investigate the degradation of BTEX as single substrates and in mixtures by two previously isolated fungal strains belonging to Cladophialophora (CPH) and Cladosporium (CS) genera.
Materials and methods

Preparation of fungal cell suspensions
Two fungal strains were used in the experiments. They were isolated as previously described (Prenafeta-Boldú et al., 2001a) and were identified as deuteromycetes belonging to the Cladophialophora (CPH) and Cladosporium (CS) genera. Larger amounts of the mycelia were produced in 5 l Erlenmeyer flasks containing 0.5 l of mineral medium (Hartmans and Tramper, 1991) and 0.02% (w/v) of yeast extract. Toluene was supplied via an insert filled with 5 ml of a 5% (v/v) toluene solution in dibutyl phthalate. After one week of incubation (30 8C, shaking), the mycelium was harvested by filtration over filter paper, washed and re-suspended in potassium phosphate buffer (50 mmol l 21 , pH 7.0). Cell suspensions were stored at 4 8C until use for a maximum of three days.
Kinetic tests
The rates of BTEX degradation and mineralization by fungal cell suspensions were determined in 250 ml Boston bottles sealed with Teflon valves to prevent solvent evaporation. Flasks contained 10 ml biomass suspension (dry mass approx. 2 g/l) and 15 ml of potassium phosphate buffer (50 mmol l 21 , pH 7.0). 2 ml of each substrate were injected as pure stock with a 10-ml syringe at time zero. Two types of test systems were created: i) toluene, o-, m-and p-xylene alone and ii) toluene in mixtures with each of the xylenes, benzene and ethylbenzene. Sterile controls containing autoclaved biomass (30 minutes at 120 8C) and test substances were prepared in order to correct for non-biodegradation processes such as sorption and volatilisation. Respiration controls containing active biomass only were used to evaluate the levels of carbon dioxide production by endogenous respiration. During the tests the flasks were incubated at 30 8C under shaking conditions. Substrate consumption and carbon dioxide production in the headspace were monitored during the experiments.
Analytical methods
Volatile hydrocarbons and carbon dioxide were determined by injecting 100 ml headspace samples in a Hewlett-Packard 6890 gas chromatograph (Packard/Becker, Delft, The Netherlands). For the hydrocarbons, the stationary phase was a 10% SE-30 Crhromosorb WMP column (Chrompack B.V. Middelburg, The Netherlands). The carrier gas was nitrogen at a flow of 1.9 ml/min. The temperature of the column and the flame ionisation detector was 110 and 300 8C respectively. For carbon dioxide a Chrompack Poraplot Q column (Chrompack B.V. Middelburg, The Netherlands) and a thermal conductivity detector were used. Helium at 3.0 ml/min was the carrier gas. The column and detector temperatures were respectively set at 70 and 250 8C. Dry weight was determined by weighing dried (24 h at 105 8C) cell suspensions.
Chemicals
Hydrocarbons were obtained from Acros Organics (Geel, Belgium), Sigma-Aldrich Chemicals (Steinheim, Germany), Jansen Chimica (Geel, Belgium), Lab-Scan (Dublin, Ireland) and Merck KGaA (Darmstadt, Germany). All chemicals were of analytical grade.
Results
The experiments (Figure 1 ) lasted 74 and 80 hours respectively for CPH and CS strains, but toluene was degraded within the first 30 hours in almost all systems. The only exception was toluene in mixture with m-xylene degraded by CS strain where the process took about 45 hours. Ethylbenzene, o-xylene and m-xylene negatively affected the toluene removal by both fungal strains, which could suggest possible substrate interactions (competitive degradation). Figure 2 shows the results obtained from xylene degradation tests. In general, CPH strain showed much better ability to degrade o-and m-xylenes, both alone and in mixture with toluene, compared to CS strain-they were degraded within the first 25 hours. p-Xylene only decreased within the first 6-8 hours, its concentration afterwards remaining almost constant until the end of the tests. CS strain in comparison took almost 72 hours to degrade o-and m-xylene in mixture with toluene. p-Xylene was not degraded completely, but in this case its initial concentration decreased by 85% (40% in average by CPH).
Benzene and ethylbenzene degradation tests were carried out in mixtures with toluene (data not shown). The results obtained by both fungal strains were similar. Benzene concentration did not change during any of the tests. Ethylbenzene was fully degraded by both CPH and CS at rates approximately two times higher than toluene in the mixture, thus affecting the toluene degradation. Figure 3 shows the CO 2 production during the experiments with toluene and each of the xylenes alone. When in an aerobic environment, carbohydrates could be degraded to water and CO 2 as final products (the process is called mineralization). Thus, CO 2 production could be used as an indication that the mineralization process has taken place. If no substrate is added to a system containing biomass only (respiration control), still a slight increase of the CO 2 amount is observed due to endogenous respiration.
CO 2 production in the systems containing toluene as sole carbon source was much higher compared to the respiration control, which suggested that most of the toluene was mineralised by both fungal strains. A noticeable break in the curves was observed which coincided with toluene depletion in the systems; o-and m-xylene showed CO 2 production levels comparable to the respiration control and so they were probably degraded to some intermediates and not mineralised. p-Xylene degraded by the CS strain showed a surprisingly high level of CO 2 production; it was better mineralised by CPH strain as well compared to the other two xylenes.
Discussion
Benzene is expected to biodegrade fairly readily by bacteria under most aerobic conditions and degradation is thought to proceed via catechol to CO 2 (Ribbons and Eaton, 1992) . However, some studies suggest that the initial oxidation of aromatic compounds by fungi takes place at the side chain rather than at the aromatic ring (Prenafeta-Boldú et al., 2001b; Prenafeta-Boldú et al., 2002) . That could be the possible explanation why benzene was not degraded in our tests.
Ethylbenzene was easily degraded without a lag phase, which suggests that the pathway responsible for toluene degradation may also be responsible for ethylbenzene metabolism by these fungal strains (Deeb and Alvarez-Cohen, 1999) . During the transformation of toluene and ethylbenzene mixtures, the presence of ethylbenzene was shown to have a distinct inhibitory effect on toluene transformation rates. Similar substrate inhibition has been reported before (Deeb and Alvarez-Cohen, 2000) . The presence of xylenes in binary mixtures with toluene had negligible effect on toluene transformation by CS strain, but some interactions were observed when CPH strain was involved; o-and m-xylene decreased toluene degradation rate, but the presence of p-xylene had a slightly positive effect. On the other hand, toluene inhibited xylenes degradation as the rates obtained for them as single substrates were higher than those in presence of toluene. In one case only ( p-xylene þ toluene by CPH) did toluene have a positive effect on p-xylene degradation. Some studies (Alvarez and Vogel, 1991; Chang et al., 1993; Oh et al., 1994) report failure to degrade xylenes in the absence of another substrate, which suggests that the xylenes might be cometabolically degraded. Our tests however show that o-and m-xylene, and to some extent p-xylene, are utilized as single substrates.
First-order degradation rates constants, K [h 21 ], were calculated (Table 1) based on each set of experimental data. The value of K was obtained by finding the best fit line on a plot of the log of concentration versus time (Kelly et al., 1996) . Recently, the common use of first-order rate constant values to describe the kinetics of biodegradation loss in natural systems has been criticized (Bekins et al., 1998) , but Salanitro (1993) reports that several studies where BTEX concentrations range from , 1 to 5000 ppb are adequately described by first-order kinetics.
A report on biodegradation of organic chemicals by Aronson et al. (1998) cites firstorder rate constants that were collected from several types of studies: laboratory column, field, groundwater grab sample, groundwater inoculum, in situ microcosm, lysimeter, reactor systems, and laboratory microcosm studies. A range was given to represent the dispersion of the data collected for each chemical.
The primary degradation rate data we obtained for benzene, toluene, ethylbenzene, and o-xylene were within the reference range. Both fungal strains degraded p-xylene with a rate one order of magnitude higher than the reference range; CPH strain showed better results in degrading m-xylene as well.
Conclusions
It is important to understand the potential enhancement or inhibition caused by the concurrent presence of multiple BTEX compounds. The presence of a given BTEX compound can theoretically stimulate the degradation of another BTEX compound by inducing the required catabolic enzymes. On the other hand, a BTEX compound could inhibit the degradation of another by exerting toxicity, diauxy, catabolite repression, competitive inhibition for enzymes, or depletion of electron acceptors (Alvarez and Vogel, 1991) . In this study both negative and positive substrate interactions were observed during the transformation of BTEX mixtures by the two fungal strains used. The nature of BTEX interactions was characterised by performing degradation activity tests using toluene-grown harvested mycelia and different substrate combinations. Ethylbenzene inhibited toluene degradation rates. Toluene inhibited o-and m-xylene degradation and enhanced p-xylene degradation. Benzene was not degraded by any of the fungal strains. Both fungal strains degraded p-xylene with a rate one order of magnitude higher than the reference range.
